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INTRODUCTION 
Much of the significant damage that may be incurred by graphite-epoxy composite 
materials results in relatively large discrete damage sites such as delaminations. In 
those instances, the damage is easily and reliably detected using conventional 
ultrasonic scanning techniques. However, several mechanisms also exist which do not 
result in the creation of large discrete damage sites, but result in damage which is 
distributed throughout the material. These mechanisms include the production of 
porosity due to poor curing procedures, damage resulting from fatigue or overheating 
of the composite structure in service, and water ingress caused by prolonged exposure 
of the material. Of these, the detection of porosity during manufacture has received 
the most attention, although the assessment of damage from the other sources is also 
important. 
Techniques for the detection of porosity in composite materials may be broadly 
categorized as one of the following: direct imaging [1]; correlation with a single 
frequency (narrowband approach) [2]; or correlation with frequency slope (broadband 
approach) [3-5]. Direct imaging of the porosity may be used if the pore size is 
sufficiently large (greater than the resolution cell size of the ultrasonic image). This 
technique may require additional image processing and can be difficult to quantify. Of 
the two empirical correlation techniques, correlation of the frequency slope of the 
attenuation curve has been successfully demonstrated and has been widely applied 
[3-5]. It has been demonstrated experimentally that there is an approximately linear 
relation between attenuation and frequency for graphite-epoxy composites containing 
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porosity. There also appears to be an approximately linear variation of slope as a 
function of increasing void content. 
The linear variation of attenuation with frequency implies that a model which has 
been previously developed for use in seismic applications [6], known as the constant-Q 
model, may also be applied to ultrasonic inspection of composite materials. In this 
model, a frequency-independent parameter Q may be defined and shown to be 
inversely proportional to the frequency dependence of the attenuation coefficient. 
The use of the parameter Q to characterize attenuation has two potential 
applications with respect to ultrasonic nondestructive evaluation of composite 
materials. First, it could be used to develop a filter capable of reversing the 
frequency-dependent attenuation losses prior to deconvolution or inversion. Second, 
under suitable conditions measured values of Q could be correlated with porosity or 
void content. 
This paper outlines a spectral method for the estimation of Q. The method 
requires only that the acoustic impedances of the system are known and that the 
surface and interface reflections are resolvable. The accuracy of the method is verified 
in tests with synthetic data, and it is shown that an inverse correlation exists between 
Q and porosity in an analysis of specimens with various known porosities. A Q 
attenuation image in the form of a C-scan, derived from analysis of a 3-D data set, is 
also shown to illustrate the potential of the method in imaging. 
CONSTANT-Q ATTENUATION FOR PULSE-ECHO APPLICATIONS 
The present analysis assumes plane wave propagation and normal incidence 
reflection, and also assumes that the effects of beam spreading are vanishingly small. 
Attenuation in isotropic and homogeneous materials may be described by an 
expression involving a frequency-independent constant 
Q = 21l"(total energy)/(energy loss per cycle). 
For a fixed point in space, the temporal attenuation factor may be written as 
exp( -at), where a = w/(2Q); for fixed time, the spatial attenuation factor is of the 
form exp( -ax), where a = j3/(2Q) and j3 is the wavenumber w/c. These two 
equations may be rearranged to give 
Q=_1_ 
2(a/w) and 
1 Q= , 2c(a/w) 
from which we see that Q is inversely proportional to the frequency slope of the 
attenuation coefficient. It is noted here that high values of Q correspond to low 
attenuations and vice versa. 
In deriving the expression for the effect of attenuation on a propagating pulse, 
Bickel and Natarajan [6] start with the one-dimensional solution to the scalar wave 
equation for a wave propagating in the x-direction: 
U(x,w, t) = exp[i(wt - kx)], 
where the complex wavenumber k is defined as 
704 
(1) 
(2) 
(3) 
(4) 
Q=oo 
Q 100 
Q = 50 
Q 25 
Q 15 
o 50 100 150 200 250 
Element Number of Trace 
Figure 1: Synthetic traces generated for a three-layer system with acoustic impedances 
Zl = 1.0, Z2 = 3.0, Z3 = 1.0, using the indicated values for Q in the middle layer. 
The effects of dispersion accompanying attenuation may be modelled by expressing {3, 
the real part of the wavenumber, as 
w 1 (3 = -[1- -Q In(wjwo)], 
Co 'Ir 
(5) 
where Wo is a reference frequency with phase velocity Co. 
For the propagating pulse, x = Cot, in which case Equations 3-5 may be combined 
to yield 
U( ) - [. In(wjwo)] [wt (1 In(wjwo))] w, t - exp zwt 'irQ x exp - 2Q - 'irQ . (6) 
An example of the effect of constant-Q attenuation on a transducer waveform 
computed using this forward model is given in Figure 1. This shows simulated traces 
generated for a uniform layer of thickness 10 mm (with a sound speed of 2500 mjs and 
a sampling rate of 25 MHz), in the absence of attenuation (infinite Q) and for cases 
where Q within the layer was set to 100, 50, 25 and 15. The reduction in amplitude 
and the change in form of the reflected wavelet with decreasing Q are apparent. 
To use this result for analysis of pulse-echo data, we proceed as follows. If we 
consider only the magnitude in Equation 6, this expression becomes 
or, replacing w by 2'1r f, 
(7) 
(8) 
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We shall consider the case of pulse-echo data for a three-layer system where the 
layers consist of materials with known acoustic impedances. It is assumed that the 
reflections from the surface and bottom interfaces are present and separable in the 
trace. 
Under these conditions, it may be shown [7] that in the absence of attenuation, 
the amplitude of the second reflection is related to that of the first by the factor 
b= (9) 
where 
and (10) 
are the energy reflection and transmission coefficients, respectively, for the interface 
between layers m and n, and Zm and Zn are the acoustic impedances of these layers 
(zm = PmCm, where P is the density and c is the sound speed). 
From this analysis, it is apparent that, in the presence of attenuation in the 
second layer, the magnitude of the distribution IU1(1, t)1 for the surface reflection will 
be related to IU2(1, t)1 for the bottom reflection by 
where Llt is the time difference between the surface and bottom reflections in the 
trace. 
THE Q ESTIMATION PROCEDURE 
(11) 
Provided that the front and back surface reflections can be separated by a known 
Llt, their Fourier amplitude spectra may be computed and taken to represent lUll and 
IU2 1. Then Equation 11 depends on frequency only, rather than both frequency and 
time; i.e., 
(12) 
This analysis leads to a simple method for estimating the parameter Q, which may be 
applied to single or multiple traces (for which Llt must be constant). In general, the 
procedure involves the following steps. 
1. Compute b, the relative amplitude of the second reflection in the absence of 
attenuation, for the known layered structure using Equations 9 and 10; also 
compute Llt. 
2. For each trace in the data set, define the time regions containing the front and 
back surface reflections and separately compute their power spectra. Average 
the power spectra over all traces. 
3. Compute the amplitude spectra from the power spectra, and estimate an 
optimized value for Q based on Equation 12, for frequencies within a specified 
band. 
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Table 1: Estimation of Q for synthetic traces with various noise levels, expressed in 
terms of the power signal-to-noise ratio (SNR). The means and standard deviations of 
100 replicates are shown. 
Known Q SNR Estimated Q 
100 1000 104.22 ± 1.45 
100 104.61 ± 4.62 
10 108.23 ± 15.62 
50 1000 51.51 ± 0.45 
100 51.62 ± 1.44 
10 52.69 ± 4.68 
25 1000 25.23 ± 0.20 
100 25.28 ± 0.65 
10 25.82 ± 2.09 
15 1000 14.79±0.17 
100 14.86 ± 0.55 
10 15.51 ± 1.73 
The optimization of Q was done here using least-squares techniques. The 
objective function F(Q), where 
was minimized by finding the value of Q for which the derivative F'( Q) became zero. 
This was done numerically using the bisection method applied to an initial interval 
containing the root. We found that more accurate and consistent results were 
obtained by fitting using the nonlinear Equation 13 than the corresponding log 
domain version (which gives a linear least squares problem). 
Other approaches may also be taken to estimate Q from ultrasonic traces. One of 
these involves the use of a wavelet transform [8,9] to produce a time-frequency 
representation of the trace; the 2-D peak regions corresponding to the front surface 
and bottom reflections may then be used to estimate Q using least-squares techniques 
as above. We have confirmed the validity of this approach, but recommend the use of 
the spectral method in practice because of its far greater speed. The wavelet 
transform approach might be of use in more complicated situations where separation 
of the reflections cannot be done by simple time gating. 
RESULTS 
The Q estimation algorithm was implemented and tested with the synthetic 
256-element traces of Figure 1, which had been generated using the indicated values 
for Q. Gaussian noise was added to the traces to give power signal-to-noise ratios in 
the range of 10 to 1000, and values of Q were estimated using the optimization 
procedure. The results of tests on the accuracy and stability of the Q estimation 
technique to noise are given in Table 1. These results confirm the validity of the Q 
estimation procedure using the optimization technique. They also indicate that the 
values estimated for Q can sometimes be slightly higher than their true values. 
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Figure 2: Estimated Q values as a function of porosity for a series of six graphite-
epoxy specimens of known porosities. The line is a fitted function of the form Q = 
c/(porosity )1/2. 
Values of Q were then estimated for each of a series of six graphite-epoxy laminate 
specimens with known porosities in the region 0.34% to 5.33%. These specimens were 
about 0.29 em in thickness and were scanned on a 128-by-128 element grid (2.6 em a 
side); 256-element traces were collected using a broadband 5 MHz focused transducer 
and a sampling rate of 50 MHz. The results of these tests are shown in Figure 2. 
They indicate that an inverse correlation exists between Q and porosity, with 
Q ex (porosity)1/2 (approximately), and that the dependence of Q on porosity is 
particularly sensitive in the critical region of low porosity. 
The Q estimation technique was then applied to the analysis of a real data set 
obtained for a graphite-epoxy laminate specimen. Ultrasonic pulse-echo data were 
acquired as described above on a region 10.40 cm by 5.20 cm. The Q estimation 
procedure was applied to each trace in the data set. An image of the attenuation 
within this material, analogous to the C-scans obtained by conventional processing of 
pulse-echo ultrasonic data, was formed using the estimated values of Q and is shown 
in Figure 3. The variation in attenuation due to inhomogeneity resulting from ply 
layup is clearly evident in the image, and several dark areas corresponding to locally 
high attenuation are apparent. 
CONCLUSION 
The single frequency-independent parameter Q can be used to describe 
frequency-dependent attenuation in composite materials. Measurements of Q for 
materials with various porosity levels show a strong inverse correlation between Q and 
porosity, and suggest that Q may provide a sensitive and quantitatative means of 
estimating porosity, especially for the critical region of low porosity levels. 
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Figure 3: Attenuation image of graphite-epoxy specimen. The intensities have been 
scaled so that dark areas correspond to high attenuation (low values for Q). The range 
of Q values in this image was from 40.7 (black - high attenuation) to 66.8 (white-
low attenuation). 
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